Pneumococcal surface protein A (PspA) is able to elicit antibodies in mice and humans that can protect mice against fatal infection with Streptococcus pneumoniae. It has been observed that immunization with a single family 1 PspA can protect mice against infections with capsular type 3 or 6B strains expressing PspA family 1 or 2. However, several studies have shown that immunity to PspA is less efficacious against several capsular type 4 strains than against strains of capsular types 3, 6A, and 6B. To determine whether the greater difficulty in protecting against capsular type 4 strains resulted from differences in their PspAs or from differences in their genetic backgrounds, we performed protection experiments using four different challenge strains: a capsular type 3 strain expressing a family 1 PspA (WU2), a capsular type 4 strain expressing a family 2 PspA (TIGR4), and genetically engineered variants of WU2 and TIGR4 expressing each other's PspAs. Prior to infection, the mice were immunized with recombinant family 1 or family 2 PspA. The results revealed that much of the difficulty in protecting against capsular type 4 strains was eliminated when mice were immunized with a homologous PspA of the same PspA family. However, regardless of which PspA the strains expressed, those on the TIGR4 background were about twice as hard to protect against as WU2 strains expressing the same PspA based on the efficacy rates seen in our experiments. These results point out the importance of including more than one PspA in any PspA vaccines developed for human use.
Streptococcus pneumoniae is among the leading causes of morbidity and mortality in the United States (14) . The present vaccine strategy relies on 23-valent capsular polysaccharide vaccine for adults and 7-valent polysaccharide-protein conjugate vaccine for young children. Unfortunately, the 23-valent vaccine is not as efficacious as would be desired, and the 7-valent vaccine is too restricted in the polysaccharides that it contains to be able to protect against all disease, especially in the developing world (4, 13, 15, 19, 20, 31) . A number of protein vaccine candidates are currently being investigated. These include PspA, pneumolysin, PsaA, and PspC (2, 6, 12, 24-26, 30, 32, 35) .
PspA is a surface protein present on all pneumococci (16, 34) . It has been shown to be highly immunogenic in mice and to elicit protection against pneumococcal challenge (6, 24, 27, 29, 32) . PspA has also been shown to elicit antibodies in humans that can passively protect mice against pneumococcal sepsis (6) . The PspA sequence is variable among pneumococcal strains, especially in the ␣-helical N-terminal domain, which is exposed on the bacterial surface (17, 18, 22) . Based on sequence similarities, PspA sequences have been classified into three main families, with over 95% of strains belonging to either family 1 or family 2 (18, 34) . Despite the variability in their ␣-helical sequences (as much as 60% of amino acids differ between families), immunization with an individual family 1 PspA or family 2 PspA has been observed to elicit antibodies that are protective against capsular group 6 or type 3 strains expressing serologically diverse PspAs (6, 21, 27) .
In previous studies it has been noted that pneumococcal strains of capsular types 2, 4, and 5 can be harder to protect against with PspA immunization than strains of other capsular types (9, 23, 24, 29, 32) . Most of these prior studies were conducted before PspA families had been described (18) . In the case of the studies with the capsular type 4 strains, we know now that most were PspA family 2 and that the immunogens were generally PspA family 1 (9) . In one study, however, immunization with family 2 PspA from the capsular type 4 strain EF5668 gave solid protection against infection with the homologous strain and also against strains of capsular types 3 and 6 that expressed family 1 PspAs (21) . More recently, when we immunized with fragments of family 2 PspA from the capsular type 4 strain EF3296, we observed statistically significant protection against EF3296, but seldom were all of the challenged mice completely protected against fatal disease (29) .
In the present study, we have specifically investigated one of the PspA family 2 capsular type 4 strains and sought to determine whether the difficulty of protecting against this strain, compared to type 3 strain WU2, could be eliminated by using a homologous immunogen or whether there might be something about the capsular type 4 strains' genetic backgrounds that makes them difficult to protect against.
To dissect the roles of the PspA family and the genetic background, two pairs of isogenic strains were prepared. One was BR93.1 (28) , a variant of WU2 that makes TIGR4's family 2 PspA instead of the family 1 PspA normally expressed by WU2. The other strain was BR6.1, a variant of TIGR4 that expresses family 1 PspA/Rx1 instead of TIGR4's family 2 PspA. The ability of immunity to family 1 and 2 PspAs to protect against these strains was compared with protection against the parental strains WU2 and TIGR4.
MATERIALS AND METHODS
Reagents. Alexa Fluor 488-conjugated streptavidin was from Molecular Probes Inc. (Eugene, Oreg.). Alkaline phosphatase-conjugated streptavidin, biotin-conjugated goat anti-mouse, and biotin-conjugated goat anti-rabbit antibodies were from Southern Biotechnology Associates (Birmingham, Ala.). Protein markers and Ready gels were from Bio-Rad Laboratories (Hercules, Calif.). Monoclonal anti-PspA antibody (Xi126) was produced as described previously (22) . Monoclonal antibody PC3.1 was elicited by immunization with PspA/ EF3296 and was a gift from Aventis Inc., Toronto, Ontario, Canada.
Bacteria. Bacterial strains and plasmids used are described in Table 1 . The pneumococcal strains were stored at Ϫ80°C in 12% glycerol, transferred to blood agar plates, and incubated at 37°C in a 5% CO 2 atmosphere overnight. Colonies from blood agar were used to inoculate Todd-Hewitt medium containing 0.5% yeast extract. Bacteria were harvested in early stationary phase at 1,500 ϫ g for 15 min and suspended in 60 mM phosphate-buffered saline (PBS, pH 7.2). The bacterial concentration was estimated from the absorbance at 600 nm and confirmed by viable counts on blood agar.
Construction of PspA switch variants. S. pneumoniae TIGR4 was included because it is transformable and expresses a family 2 PspA whose ␣-helical region is identical to that of PspA/EF3296 (18, 33) . Cloned and expressed PspA fragments were already available from PspA/EF3296 (29) . Strain WU2 was chosen as a transformable family 1 PspA capsular type 3 strain, which is readily protected against by immunization with family 1 PspA/Rx1 (8) . PspA/Rx1 was important to the study because we have used it more than any other PspA for immunization and challenge studies.
The construction of the WU2 variant BR93.1, in which PspA/WU2 was replaced with PspA/TIGR4, has been described elsewhere (28) . The TIGR4 variant expressing only family 1 PspA was prepared by a similar procedure. TIGR4 was transformed with the chromosomal DNA of an Rx1 derivative, JY2078 (36) , carrying an erythromycin marker downstream of the pspA gene. An erythromycin-resistant transformant in which crossover of genetic material had occurred in the pspA region was selected and backcrossed three times with TIGR4 parental DNA, each time selecting for erythromycin resistance. The resultant strain was designated as BR6.1. The change of the pspA sequence in BR6.1 was confirmed by PCR and Southern blotting (data not shown).
Western blot. Bacterial cells were grown to an optical density of 0.6 at 600 nm, washed twice in PBS, and treated with 2 mg of hen egg lysozyme/ml for 2 h at 37°C. Sodium dodecyl sulfate (1%) was added, and the suspension was vortexed until clear. The lysates were stored at Ϫ20°C. The lysates were run on polyacrylamide gels (Bio-Rad Ready gels), which were electroblotted to a 0.45-m-poresize nitrocellulose membrane (Bio-Rad) in Tris-glycine buffer (20% methanol, 25 mM Tris, 192 mM glycine, pH 8.1 to 8.4) at 100 V for 1 h at 4°C. The blotted membrane was blocked with 1% bovine serum albumin in PBS-T (PBS containing 0.05% Tween 20) for 1 h at room temperature and washed three times (5 min each) with PBS-T. The membranes were overlaid with the monoclonal antibodies to PspA (antibody PC3.1 for detection of PspA/TIGR4 or Xi126 for detection of PspA/WU2 and PspA/Rx1) for 30 min at 37°C, washed three times in PBS-T, and further incubated with a mix of biotinylated goat anti-mouse antibody (1:1,000 in PBS-T) and alkaline phosphatase-conjugated streptavidin (1:500 dilution in PBS-T) for 30 min at 37°C. After washing, the membrane was developed using 0.1 mg of nitroblue tetrazolium/ml and 0.5 mg of 5-bromo-4-chloro-3-indolylphosphate/ml in 0.15 M Tris-HCl, pH 8.8.
Binding of anti-PspA serum antibodies to the bacterial surface. Bacteria were grown on blood agar plates or in Todd-Hewitt medium with yeast extract and were suspended in PBS at a concentration of 10 8 bacteria/ml. A bacterial pellet of 10 7 bacteria (quantitated by absorbance at 420 nm) was suspended in Ringer's solution containing monoclonal anti-PspA PC3.1 antibodies (20 g/ml) or antiPspA Xi126 (undiluted hybridoma supernatant) for 30 min at room temperature and washed by centrifugation at 1,500 ϫ g for 5 min in PBS. Biotinylated goat anti-mouse antibodies (1:100 dilution in PBS) were added for an additional 30 min at room temperature. After a second wash in PBS, Alexa Fluor 488-conjugated streptavidin was added (1:100 dilution) for 30 min at room temperature, and the cells were washed and inspected by epifluorescence microscopy with a Leitz upright microscope (Leitz, Wetzlar, Germany). The binding was quantitated by flow cytometry with a FACSCalibur flow cytometer (Becton Dickinson Biosciences, San Jose, Calif.).
PspA fragments for immunization. PspA/Rx1 fragment JAS218 was constructed and expressed as described previously (17) . Fragment SW111 of PspA/ EF3296 constituting amino acids (aa) 1 to 478 was kindly provided by Aventis Inc. Fragment HR108 constituting aa 314 to 418 from PspA/EF3296 was constructed and expressed as described previously (29) . The PspA/EF3296 fragments were used for immunization, since the DNA sequences of pspA/EF3296 and pspA/TIGR4 are identical except for 1 bp resulting in a Phe-to-Leu replacement at aa position 16 of the leader sequence, making the mature PspA proteins EF3296 and TIGR4 identical. SW111 and HR108 are therefore referred to throughout the text as TIGR4 sequences even though they are derived from the identical EF3296 sequence.
Mouse immunization and challenge. Five-to eight-week-old CBA/CAHN/ XID (CBA/N) or BALB/cByJ (BALB/c) mice (Jackson Laboratory, Bar Harbor, Maine) were immunized subcutaneously with purified recombinant PspA fragments. The procedure and fragments have been described elsewhere (17, 29) . Mice were immunized subcutaneously with 5 g of SW111 (aa 1 to 478, PspA/ EF3296), HR108 (aa 314 to 418, PspA/EF3296), or JAS218 (aa 170 to 288, PspA/Rx1) with alum as an adjuvant (100 g/ml). The mice were boosted subcutaneously 2 weeks later with the same dose of immunogen and alum. A fortnight after the boost, they were challenged with the recombinant strain BR93.1 or BR6.1 or with wild-type strain WU2 or TIGR4 at a dose that was 2 logs higher than the 50% lethal dose. The mice were then monitored for death over 21 days; the mice that survived the challenge were scored as protected against infection.
Statistical analyses. Mouse survival was recorded daily and monitored for 21 days, and values were compared by the two-tailed Mann-Whitney U test (nonparametric, two-sample rank) unless indicated otherwise. Comparisons of live and dead animals in survival experiments were evaluated with 2 ϫ 2 contingency 
RESULTS
Characterization of the strains. Two PspA switch variants were constructed (Table 1) to help determine whether the PspA structure or the genetic background was responsible for the difficulty in protecting against the capsular type 4 strain TIGR4 by immunization with PspA. In recombinant strain BR93.1, the pspA sequence of WU2 was replaced by pspA/ TIGR4. In the recombinant strain BR6.1, the pspA sequence in TIGR4 was replaced with pspA/Rx1. In each case, the expression of the transformed PspA and not the strain's original PspA was shown by Western blot analysis (Fig. 1) . Lysates of TIGR4, EF3296, and mutant BR93.1 produced PspA that reacted strongly with the monoclonal antibody PC3.1, specific for the family 2 PspAs of EF3296 and TIGR4, but not with monoclonal antibody Xi126, specific for family 1 PspA. Lysates of WU2 and BR6.1 reacted strongly with the monoclonal antibody Xi126 specific for the family 1 PspA/Rx1 but not with monoclonal antibody PC3.1.
The parental and mutant strains expressed their PspAs on their bacterial surfaces, as detected by antibodies specific for the parental PspAs and quantitated by flow cytometry (Fig. 2) . BR93.1 did not bind Xi126 antibodies, and BR6.1 did not bind PC3.1 antibodies. TIGR4 and BR93.1 bound about equal amounts of PC3.1 antibody (21.6 and 23.8 times the values of their respective streptavidin-alone-treated controls), indicating that they expressed similar levels of antibody-accessible PspA on the surface (Fig. 2) . The same was true for WU2 and BR6.1, which showed binding of 8.1 and 9.3 times the values of their respective streptavidin-alone-treated controls (Fig. 2) . No difference in expression of capsular polysaccharides between the transformants and relevant parental strains was observed based on the strength of agglutination by capsular typespecific antibody or colony morphology on blood agar plates (data not shown). This finding is consistent with the fact that the PspA switch variants demonstrated the same virulence as the parental strain of the same capsular type. The capsular type 3 strains WU2 and BR93.1 both showed 100% lethal doses in CBA/N mice of around 200 CFU. The capsular type 4 strains TIGR4 and BR6.1 both had 100% lethal doses in BALB/c mice of about 10 6 . More extensive studies have confirmed that the contribution of the two PspAs to virulence is the same when they are tested on the same genetic background (28) .
Relative effects of the genetic backgrounds and PspA family of challenge strains on the ability of recombinant family 2 PspA fragments to elicit protection. CBA/N and BALB/c mice FIG. 3 . Protection against pneumococcal infection after immunization with PspA/EF3296 fragments. Each point represents the results of a single mouse. P values were calculated from comparison of days to death between immunized and nonimmunized groups by the Mann-Whitney U test. No P values were given if the value was Ն0.05. The only exception is the value marked by an asterisk, which was Ͼ0.05 by the Mann-Whitney test. The value provided was calculated by Student's t test, which, when valid (as was the case here), can be more sensitive than the Mann-Whitney U test. (A) CBA/N mice were immunized with either SW111 or HR108. After a booster immunization, the mice were infected with 250 CFU of TIGR4, 240 CFU of BR93.1, or 300 CFU of WU2. (B) BALB/c mice were immunized with either SW111 or HR108. After a booster immunization, the mice were infected with 1.4 ϫ 10 6 CFU of TIGR4, 1.7 ϫ 10 6 CFU of BR93.1, or 1.0 ϫ 10 6 CFU of WU2. Immunization with SW111 and HR108 protected some mice against TIGR4. Although these results were not statistically significant, they may be real, since pooling the data for SW111 and HR108 immunizations showed significance at P ϭ 0.0011. were immunized with the recombinant family 2 PspA fragments SW111 and HR108. SW111 (aa 1 to 478) encodes the entire ␣-helical domain of PspA/TIGR4 and a portion of the proline-rich region (29) . HR108 is a 105-aa (residues 314 to 418) fragment of the ␣-helical domain of PspA/TIGR4, which was shown to contain the most important cross-protective epitopes (29) . HR108 is homologous to the region of family 1 PspA/Rx1 to which its major cross-protective epitopes have also been mapped (11, 22) . The PspA regions homologous to HR108 have been used to classify PspAs into clades and families (18) . BALB/c and CBA/N mice were immunized with SW111 or HR108 in alum, or with alum alone. Mice given each immunogen were divided into groups and challenged with WU2, TIGR4, or BR93.1 (Fig. 3) . Protection elicited by SW111. Immunization of CBA/N mice with SW111 elicited complete protection against BR93.1 (P ϭ 0.0001) and protected 8 of 10 mice against challenge with TIGR4 (P ϭ Ͻ0.0001; Fig. 3A) . Both of these challenge strains express the family 2 PspA of TIGR4, whose ␣-helical region is identical to that of the immunizing SW111 PspA. When the same experiment was conducted with BALB/c mice, SW111 immunization protected 9 of 10 mice infected with capsule type 3 strain BR93.1 (P ϭ 0.003) but only 3 of 10 mice infected with the capsular 4 strain TIGR4 (even though both strains expressed the same family 2 PspA). The protection elicited against BR93.1 was significantly better (P ϭ 0.02) than that elicited against TIGR4 (Fig. 3B) .
Immunization with SW111 resulted in no protection against WU2 in either CBA/N or BALB/c mice, indicating that crossprotective antibodies reactive with the family 1 PspA of WU2 had not been elicited to a protective level by this family 2 fragment. The failure of SW111 to elicit protection against WU2 was reminiscent of our earlier findings, which demonstrated that fragments of the ␣-helical region of PspA/EF3296 could not elicit protection against another PspA family 1 capsular type 3 strain, A66.1. In those same prior studies, however, SW111 did elicit protection against a capsular group 6 strain expressing a family 1 PspA (29) .
Protection elicited by HR108. In both CBA/N and BALB/c mice, protection elicited by HR108 was similar to that elicited by SW111 (whose 478-aa sequence includes the 105 aa of HR108). In CBA/N mice, HR108 immunization totally protected against BR93.1 challenge (P Ͻ 0.0001) and protected five of seven mice challenged with TIGR4 (P ϭ 0.001) (Fig.  3A) . HR108 immunization of BALB/c mice protected 9 of 10 mice against BR93.1 (P ϭ 0.003), whereas only 4 of 10 mice survived challenge with TIGR4 (Fig. 3B) . The difference in the protection elicited by HR108 against BR93.1 and TIGR4 in BALB/c mice was statistically significant (P ϭ 0.04) (Fig. 3) .
The biggest difference between the protection elicited by SW111 and that by HR108 was that HR108, unlike SW111, appeared to be at least partially protective against fatal infection with WU2 in BALB/c mice. This difference in protection elicited by HR108 and SW111 was significant at P ϭ 0.029. This result was unanticipated because the amino acid sequence of HR108 is included within SW111. One possible explanation is that SW111 contains PspA epitopes that are more immunogenic than those in HR108 but which elicit highly cross-protective antibodies. The fact that HR108 was observed previously not to elicit protection against A66.1 (another capsular type 3, family 1 PspA strain) in BALB/c mice (29) might be explained by the higher virulence of A66.1 than of WU2 (5, 8) or the small differences in their PspAs.
Relative effects of the genetic backgrounds and PspA family of challenge strains on the ability of recombinant family 1 PspA fragments to elicit protection. CBA/N and BALB/c mice were immunized with JAS218 (aa 170 to 288 of PspA/Rx1). This recombinant 119-aa fragment includes the region of PspA/Rx1, which has previously been shown to be important in elicitation of cross-protection (22) and is homologous to HR108 for PspA/TIGR4. The mice were then infected with WU2, BR6.1, or TIGR4. BR6.1 is a variant of TIGR4 that expresses PspA/Rx1, which is a family 1 PspA very similar to family 1 PspA/WU2 (18) .
Immunization of CBA/N mice with JAS218 gave significant protection against both WU2 and BR6.1 (Fig. 4A) . JAS218 immunization of BALB/c mice resulted in complete protection against WU2 (P Ͻ 0.0001), and four of eight mice survived challenge with BR6.1 (P ϭ 0.028) (Fig. 4B ). For both mouse strains, immunization with JAS218 appeared to elicit better protection against WU2 than against BR96.1. Although these strains both express family 1 PspA, they differ in their genetic background and capsular type. The greater protection against WU2 than against BR96.1 was statistically significant in comparison of live with dead mice for the experiments in both CBA/N (P ϭ 0.03) and BALB/c (P ϭ 0.02) mice.
Immunization with JAS218 did not confer protection against TIGR4 in CBA/N or BALB/c mice, even though it had provided protection against strain BR6.1, which is also capsular type 4 but expresses the immunizing family 1 PspA. This finding indicated that insufficient cross-protective antibodies reactive with family 2 PspA were elicited by the family 1 PspA to be protective against a strain on the TIGR4 background expressing a family 2 PspA (Fig. 4) .
As was the case with the immunizations with the family 2 PspA fragments, JAS218 provided better protection against pneumococci expressing a PspA homologous to the cognate immunogen than against pneumococci expressing noncognate PspA. We also observed that, when the challenge strains expressed the same PspA that was used for immunization, somewhat better protection was observed if the challenge strain had the capsular type 3 WU2 genetic background rather than the capsular type 4 TIGR4 genetic background.
DISCUSSION
This study found that both the pneumococcal genetic background and the similarity between the immunizing PspA and the PspA of the challenge strain affected the degree of protection elicited by immunization with PspA. There was no evidence, however, that PspA/TIGR4 was a poorer protective target for antibodies to PspA than was PspA/WU2 or PspA/ Rx1. Moreover, the family 1 and family 2 PspAs showed essentially the same abilities to support virulence in a sepsis model.
In the past, the general observation was that, even though PspA families can differ in their clade-defining region sequences by 60% or more (18) , cross-protection between PspA families 1 and 2 had been the outcome of virtually all studies. These demonstrations were primarily from studies in which mice immunized with family 1 PspA/Rx1 or with family 2 PspA/EF5668 were challenged with a variety of strains (6, 9, 21) . Although the present study has provided some evidence for this type of broad cross-protection with certain recombinant fragments in one of the mouse strains used, the important observation here was that the family of the immunizing PspA could affect the protection achieved. This observation is also supported in part by a recent paper showing that immunization with family 2 PspA/EF3296 (TIGR4) fragments elicited no protection against strain A66.1 (a capsular type 3 strain expressing a family 1 PspA). However, that same study also contained data indicating that cross-protection between family 1 and 2 PspAs could sometimes be observed (29) .
In the present study, we focused on this question in detail and sought to determine if the reason that the capsular type 4 strains had been observed to be more difficult to protect against might be their genetic background or the particular PspAs that they carried or possibly because in the previous studies immunization was generally not with PspAs of the same family as the type 4 strains. These questions were investigated with the aid of some customized strains developed by genetic means.
Although family-specific protection was common in this study, we observed that one fragment of family 2 PspA/TIGR4 (HR108) could elicit protection against WU2 (family 1 PspA), but only in BALB/c mice and not in CBA/N mice. No protection was seen in either strain of mice when the family 1 PspA/ Rx1 (JAS218) was used to immunize mice later challenged with TIGR4. This finding suggests that the family 1 PspA and the family 2 PspA that we examined in the present study may share too few immunogenic protection-eliciting epitopes to be universally cross-protective.
In these studies we also observed that, if the PspA expressed was held constant, the pneumococci on the TIGR4 background were more difficult to protect against than were strains with the WU2 background. The way in which the studies were conducted, however, did not allow us to tell whether the differences in resistance to PspA immunity were related to capsular type or to other genetic factors. The possibility that PspA is less well expressed on TIGR4 seems unlikely in light of our flow cytometry assays, which showed similar degrees of antibody binding to the two genetic backgrounds expressing the same PspA. The virulence strategy of the strains may differ, however. For example, if TIGR4's virulence strategy minimizes the importance of PspA's ability to inhibit complement fixation, it could explain why antibody to PspA has more difficulty protecting against the strains of the TIGR4 than the WU2 background.
The robustness of the results of these studies is supported by the fact that the same general results were obtained using CBA/N and BALB/c mice, even though the former are much more susceptible and required a challenge dose for these experiments of about 1/1,000 of that of BALB/c mice. One significant difference between the results obtained with the two mouse strains was that immunization with HR108 elicited protection against WU2 in BALB/c but not in CBA/N mice. The reason for this difference is not known but could be related to the fact that the normal serum of BALB/c mice contains antibody to phosphocholine, which can be protective against low challenge inocula of S. pneumoniae (7, 10) .
Taken together, the present and past data regarding immunity to PspA demonstrate that the best way to use a PspAcontaining vaccine to protect against diverse pneumococci with different PspAs and different genetic backgrounds is probably to immunize with at least one PspA from each of the two major PspA families. Our past observations of broad cross-protection among diverse PspAs (9, 21, 29) and studies of PspA diversity (18, 34) lend confidence to our conclusion that the number of different PspAs required in such a vaccine will not be large.
